IMPORTANCE Rare variants in the complement factor H (CFH) gene and their association with age-related macular degeneration (AMD) have been described. However, there is limited literature on the phenotypes accompanying these rare variants. Phenotypical characteristics could help ophthalmologists select patients for additional genetic testing.
A ge-related macular degeneration (AMD) is a common multifactorial eye disease in Western countries 1 ;however, the exact pathophysiology of the disease is not yet completely understood. Environmental factors, such as age and smoking, 2, 3 and both common and rare genetic variants have been identified as risk factors for AMD. 4 A large number of these genetic variants are located in genes encoding components of the complement system. Additionally, higher local and systemic complement activity has been reported in patients with AMD compared with control individuals. [5] [6] [7] Together, these findings implicate a pivotal role of the complement system in AMD.
Rare genetic variants located in the complement factor H (CFH) gene are among the variants that confer the highest risk for AMD. 4, 8, 9 The CFH gene encodes factor H (FH), a regulator of the alternative pathway of the complement system. Factor H inhibits the C3-convertase (C3bBb) and also acts as cofactor for factor I-mediated inactivation of C3b, 10 leading to decreased activity and thereby preventing overactivation of the complement system. Several studies showed lower systemic FH levels in patients carrying a rare CFH variant. 10, 11 Furthermore, functional studies have reported an altered function of FH in patients carrying a rare variant in CFH resulting in increased complement activation despite normal systemic FH levels. 9, 12, 13 While antivascular endothelial growth factor treatment is available for neovascular AMD, there is currently no effective treatment available for the early and atrophic stages of AMD. Because the complement system plays an important role in AMD pathogenesis, therapies targeting different components of the complement system are being developed. Currently, a number of phase 2/3 clinical trials are in progress and so far, 2 phase 2 trials have been completed with mixed results. 9, 14, 15 The Complement Inhibition With Eculizumab for the Treatment of Nonexudative Age-Related Macular Degeneration Study did not show decreased atrophy progression after administration of eculizumab, 16 while the MAHALO study showed a beneficial effect of lampalizumab treatment on reducing atrophy progression.
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With upcoming therapies targeting the complement system, it may be important to identify the patients who will most likely benefit from these therapies. Patients carrying a rare variant in the CFH gene seem to be a very suitable patient group for complement-inhibiting therapies because of the associated functional consequences on complement activation. 12 However, it is expensive to genetically screen every patient with AMD in a diagnostic setting; therefore, it is desirable to preselect cases for genotyping based on phenotype. Unfortunately, there is limited literature on the phenotypes accompanying these CFH variants. Previously, a higher burden of extramacular drusen was reported in families carrying rare CFH variants compared with unrelated AMD cases; however, other distinct phenotypical characteristics were not described. 11 Another study described phenotypical characteristics in a more detailed manner, but only included individuals carrying the rare p.Arg1210Cys variant in CFH. 18 We hypothesize that all pathogenic CFH variants share phenotypical characteristics owing to their functional influences on FH. Detailed characterization of phenotypes caused by a broad spectrum of rare CFH variants is lacking. Therefore, we aim to describe the phenotypical characteristics of patients with AMD carrying a rare variant in the CFH gene. A distinct phenotype description of these CFH carriers will enable ophthalmologists to select patients for additional genetic testing and complementinhibiting therapies more efficiently.
Methods

Study Population
In this retrospective cross-sectional study, we searched the genetic database of the department of ophthalmology at the Radboud university medical center, Nijmegen, the Netherlands (Radboudumc 
Key Points
Question Are there distinctive phenotypical characteristics of patients with age-related macular degeneration carrying a rare variant in the complement factor H gene?
Findings This cross-sectional study found that larger drusen area within the Early Treatment Diabetic Retinopathy Study grid, a crystalline appearance of some drusen, and drusen nasal to the optic disc were associated with patients with age-related macular degeneration carrying a rare pathogenic complement factor H variant.
Meaning These phenotypical characteristics might aid ophthalmologists in the identification of complement factor H variant carriers, which may be increasingly important if complement-inhibiting therapies are shown to be beneficial.
Genotyping
Whole-exome sequencing (WES) and/or Sanger sequencing was previously performed. For both approaches, DNA was extracted from venous blood using standard procedures. Most CFH carriers (n = 42) were identified through WES. Preparation and sequencing of the DNA samples were done as previously described. 12 In short, exome capture Nimblegen SeqCap EZ V2 kit (Roche) paired-end sequencing was performed on an Illumina HiSeq2000 sequencer using TruSeq V3 chemistry (Illumina) followed by downstream quality control and genotyping of the samples. For this study, WES data were filtered specifically for the CFH gene (HUGO Gene Nomenclature Committee ID: 4883; NM_000186). Additional filtering steps on the data were implemented to select genetic variants that result in a splice-site or protein change (nonsynonymous) as these variants are more likely to be pathogenic. We focused on rare genetic variants only (minor allele frequency <1%) as based on the Exome Aggregation Consortium database, specifically the non-Finnish European population.
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Individual variants were confirmed with Sanger sequencing using primers designed by Primer3 software. 21 The remainder of CFH carriers (n = 9) was identified through conventional Sanger sequencing of the entire CFH gene as described in detail previously. 22 We excluded rare CFH variants with a described protective effect in case-control analyses (c.2850G>T p.Gln950His) or a likely benign effect in functional studies (c.2669G>T p.Ser890Ile, c.2867C>T p.Thr956Met, c.3019G>T p.Val1007Leu). 9 All CFH variants included in this study are described in the eTable in the Supplement. For all noncarriers, WES data were available and screened for rare genetic variants in the CFH, CFI, C3, and C9 genes associated with AMD. Only individuals without any rare variant in the CFH gene or a described pathogenic rare variant in the other AMD-associated genes 9 were included in this study as noncarriers.
Image Assessment
Digital 35°or 40°field of view color fundus photographs centered on the fovea were performed with a Topcon TRC 50IX camera (Topcon Corporation) or Canon 60 UVi fundus camera (Canon), respectively. Color fundus photographs were analyzed for this study by 2 senior graders from an independent reading center (Moorfields Eye Hospital, London, England) according to a standardized grading protocol. The following fundus features were assessed: predominant type of drusen, largest type of drusen in the central field, percentage of the area of the Early Treatment Diabetic Retinopathy Study (ETDRS) grid covered with drusen, presence of extramacular drusen (defined as drusen outside the ETDRS grid), drusen nasal to the optic disc, reticular drusen, drusen with crystalline appearance, serogranular/serous drusen pigment epithelium detachment, pigmentary abnormalities, geographic atrophy, or signs of neovascularization.
Statistical Analysis
Data were analyzed from November 30, 2015, to May 8, 2017 . Demographic characteristics of the 2 study groups were compared using 1-way analysis of variance or the χ 2 test. Phenotypical characteristics were individually assessed using binary logistic regression models. Generalized estimating equations procedures were used to correct for the fellow eye. To compare the frequencies of late AMD subtypes between carriers and noncarriers, we performed a χ 2 test based on the more severely affected eye of each patient. In case both geographic atrophy and choroidal neovascularization were present in an individual, it was classified as mixed late AMD. A phenotypic risk score for each eye was calculated as the sum of regression coefficients of all individual phenotypical characteristics resulting from univariable generalized estimating equations logistic regression analyses. A receiver operating characteristic curve was obtained and the area under the curve was measured for this risk score. Finally, symmetry between eyes was calculated as follows: number of equal phenotypical characteristics between right and left eyes divided by the number of phenotypical characteristics graded times 100%. All statistical analyses were performed using SPSS statistics software (released 2013; IBM SPSS Statistics for Windows, Version 22.0; IBM Corp).
Results
In total, 100 eyes of 51 carriers and 204 eyes of 102 noncarriers were included for analyses. Demographic and environmental characteristics were comparable between carriers and noncarriers ( Table 1 ). The frequency of common genetic variants in CFH, ARMS2, and C3 seems to be slightly higher in noncarriers compared with carriers. However, the minor allele frequencies of these common variants in noncarriers are comparable with the general AMD population. 23 This may imply that carriers of rare CFH variants are less burdened by common AMD risk variants and that their AMD risk is rather attributable to the rare variants. When comparing the fundus features by carrier status, the odds of carrying any rare CFH variant increases with increasing drusen area within the ETDRS grid (odds ratio [OR] up to 6.85 when more than 50% of the ETDRS grid is covered with drusen, P = .004) and with the presence of serogranular/serous drusen pigment epithelium detachment (OR, 4.74; 95% CI, 1.30-17.31; P = .02). Additionally, drusen deposition in rare variant carriers is often not limited to the central retina; these carriers tend to have extramacular drusen (80.8%) and drusen nasal to the optic disc (43.8%) more frequently than noncarriers (73.4% and 35.1%, respectively), although these differences were not significant. The association of all assessed fundus features of carriers and noncarriers are shown in Table 2 .
Because the carrier group contains both rare variants known to be associated with AMD and rare variants of unknown clinical significance, we repeated the analyses with stricter inclusion criteria comparing only cases carrying a known pathogenic variant (n = 25) with noncarriers ( Table 3) . Known pathogenic variants included rare CFH variants associated with AMD in case-control or segregation analyses or with a described functional effect. This subanalysis showed an even higher association between drusen area within the ETDRS grid and rare pathogenic CFH variant carriers (OR range, 6 Overall, rare CFH variant carriers tend to have more and larger drusen, and drusen are more often located outside the ETDRS grid. However, not all of these analyzed phenotypical characteristics individually reach statistical significance. Based on the findings in Table 3 , we calculated a phenotypic risk score for each eye including all assessed phenotypical characteristics (eFigure 1 in the Supplement). The mean (SD) phenotypic risk score in carriers (4.35 [2.0]) was significantly higher compared with noncarriers (2.32 [2.5] ), although the ability to accurately discriminate between eyes of carriers of pathogenic CFH variants and noncarriers based on the phenotypic risk score was limited (area under the curve, 0.75; 95% CI, 0.65-0.85; eFigure 2intheSupplement). Similar results were obtained when including only the highest phenotypic risk score for each patient (area under the curve, 0.75; 95% CI, 0.61-0.88). Finally, for every patient, the grade of symmetry between eyes was determined based on the number of equal characteristics. Each study group showed a high grade of symmetry between the eyes (79.9% in noncarriers vs 79.1% in carriers of pathogenic variants) and the groups were not significantly different (P = .85).
Discussion
In this study, we aimed to describe the phenotypical characteristics of patients with AMD carrying a rare variant in the CFH gene. Overall, rare CFH variant carriers have a more severe phenotype with more and larger drusen, often extending to the peripheral retina. Larger drusen area within the ETDRS grid and drusen located nasal to the optic disc were significantly associated with patients with AMD carrying a rare pathogenic CFH variant. These findings are in line with previous studies reporting extensive macular drusen accumulation and presence of extramacular drusen in patients with AMD carrying the CFH p.Arg1210Cys variant 18 and other rare CFH variants.
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In addition, we report an association between the presence of drusen with crystalline appearance and carrying a rare variant in CFH. Drusen with crystalline appearance, also known as refractile or calcified drusen, have a characteristic glistening appearance on color fundus imaging and have been associated with the development of geographic atrophy.
24,25 Thus, these patients might be at higher risk for developing geographic atrophy compared with noncarriers. In the current study, rare CFH variant carriers seem to develop geographic atrophy more often than choroidal neovascularization, as was already observed in rare variant carriers of other complement genes (CFI, C3, and C9). 26 However, probably owing to the small number of patients with late AMD, this difference was not significant. From literature, it is known that CFH carriers usually have an earlier age at onset. 8, 11, 13, 22, 26, 27 Owing to our study design, a lower age at onset in rare variant carriers could not be analyzed. Our study was merely designed to analyze phenotypical differences between rare CFH carriers and noncarriers; therefore, age-matched noncarriers were selected. As a consequence, no difference in age at onset could be observed. However, assessing the age at onset remains an important clue for ophthalmologists when considering (rare) genetic variants in a patient. Familial burden is also known to be associated with rare CFH variant carriers. 11, 13, 18, 26, 28 Although the number of carriers with a family history of AMD (64.7%) was not significantly different from noncarriers (53.9%), it must be emphasized that family history was obtained through interviewer-assisted questionnaires. From previous studies, it is known that CFH carriers often have asymptomatic family members 29,30 and, therefore, it is plausible that the percentage of carriers with a family history of AMD is underestimated. Assuming that rare protein-altering variants located in the CFH gene lead to similar phenotype, this study was not restricted to 1 or more specific CFH variants but included a wide variety of rare protein-altering CFH variants identified by WES or Sanger sequencing in our cohort. Therefore, our analyses also included some variants that were not described before in the literature. However, when limiting the analyses to confirmed pathogenic variants only, the associations between rare variant carriers and phenotypical characteristics become more pronounced. More information on pathogenicity of variants is therefore desirable. As prediction tools do not always correctly predict a genetic variant to be functionally impaired, 31,32 other large sequencing or functional studies are needed to confirm the clinical significance of these variants.
Limitations
Because of an overlap in phenotypical characteristics between carriers and noncarriers, even when including only confirmed pathogenic variants, the sample size of our study might be insufficient to detect small to moderate associations or associations with relatively infrequent features, such as serogranular/ serous drusen pigment epithelium detachment and the presence of geographic atrophy. Additionally, when correcting for multiple comparisons, only drusen area remained significantly associated with rare variant carriers, which is most likely the result of our small sample size. Our study was also restricted by its retrospective design, therefore, for the analyses, we were limited to the images that were captured in the past. Peripheral fundus images and other image modalities were often lacking and therefore not taken into account in the current study. To assess to what extent drusen are located outside the central retina, imaging should preferably be extended to the peripheral retina. Additionally, certain phenotypical characteristics are better visualized with other imaging techniques (eg, cuticular drusen). Previously, CFH variants were identified in patients with the cuticular drusen subtype of AMD, and fluorescein angiography is considered the best modality to diagnose these type of drusen. 22, 29, 30 Furthermore, optical coherence tomography enables detailed visualization of the different retinal layer structures that are not visible on color fundus images and has the advantage of 3-dimensional image assessment. Future prospective studies could therefore benefit from assessing multiple image modalities and imaging of the peripheral retina.
Conclusions
Because patients with AMD carrying a rare CFH variant seem a very suitable group for upcoming complement-inhibiting therapies, identification of this subpopulation may be very important to direct choice of treatment. Our results indicate that patients with an extensive drusen area, drusen with crystalline appearance, and drusen nasal to the optic disc are more likely to have a rare genetic variant in the CFH gene. These phenotypical characteristics could aid ophthalmologists to select patients for genetic screening. However, it is unlikely that carriers can be discriminated from noncarriers based solely on phenotypical characteristics. Therefore, ophthalmologists
